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Multi-quantum well (MQW) structures and light emitting diodes (LEDs) were grown on semipolar ð20 21Þ and polar (0001) GaN substrates by plasma-assisted molecular beam epitaxy. The In incorporation efficiency was found to be significantly lower for the semipolar plane as compared to the polar one. The semipolar MQWs exhibit a smooth surface morphology, abrupt interfaces, and a high photoluminescence intensity. The electroluminescence of semipolar ð20 21Þ and polar (0001) LEDs fabricated in the same growth run peaks at 387 and 462 nm, respectively. Semipolar LEDs with additional (Al,Ga)N cladding layers exhibit a higher optical output power but simultaneously a higher turn-on voltage. The development in the field of light emitting devices based on nonpolar and semipolar orientations of GaN has been very rapid in the last decade. 1 This progress was driven by the potential advantages that these structures offer in comparison to those grown on the polar c-plane. Specifically, the increased overlap of the electron and hole wave functions in the nonpolar and semipolar quantum wells (QWs) improves the emission efficiency, reduces the blueshift of the emission wavelength with current, and enables the control of the polarization degree of the emitted light. The vast majority of the devices with nonpolar and semipolar orientations has been grown by metal-organic vapor phase epitaxy (MOVPE) except for, e.g., our recent work. 2 On the other hand, plasmaassisted molecular beam epitaxy (PAMBE) has been successfully used for demonstration of the laser action on c-polar GaN substrates with the emission wavelength ranging from 405 to 500 nm. [3] [4] [5] Thus, it is of interest to investigate the growth of semipolar light emitting diodes (LEDs) and laser diodes using PAMBE.
However, the actual mechanisms of the growth of (Al,In,Ga)N by PAMBE on surfaces of different crystallographic orientations are not well understood. For example, our results on the growth of GaN on the nonpolar ð10 10Þ plane by PAMBE under N-rich conditions 6 suggest that the growth on these planes is influenced by the differences in diffusion barriers for Ga adatoms as predicted by theory. 7, 8 We thus expect that on the semipolar ð20 21Þ surface, the growth mechanisms are different from the case of the (0001) plane as well. In particular, the incorporation of In is likely to depend on the crystallographic orientation as observed in the case of MOCVD and reactive MBE, where a similar or higher In incorporation on the ð20 21Þ surface was found in comparison to the (0001) plane. 9, 10 In this work, we report on the growth of (In,Ga)N/GaN MQW structures and LEDs by PAMBE on semipolar ð20 21Þ and polar (0001) GaN substrates. Atomic-force microscopy (AFM) evidences a smooth surface morphology for these structures. Semipolar and polar MQWs fabricated in the same growth run exhibit comparable photoluminescence (PL) intensity, with the former emitting at significantly shorter wavelength. This difference in emission wavelength is due to both a lower In incorporation efficiency into semipolar (In,Ga)N as confirmed by x-ray diffractometry (XRD) and the lower electric field along the semipolar growth direction. The microstructure and interface quality was investigated by transmission electron microscopy (TEM). Finally, we demonstrate that the semipolar and polar LEDs have similar power efficiencies but significantly different emission wavelengths due to the difference in In incorporation efficiency.
The PAMBE growth of the MQWs and the two LED structures, LED-1 and LED-2, was carried out under metalrich conditions in a custom designed VG90 system. Ga, In, Al, Si, and Mg were supplied from solid-source effusion cells. The MBE system is equipped with two radio-frequency plasma sources (Veeco) that provide active nitrogen (N*) for growth. In the present work, we used a relatively high growth temperature, 660
C for the growth of (In,Ga)N because it is beneficial for the optical quality of the (In,Ga)N QWs as we have shown previously for QWs on polar GaN(0001). 5 For the growth of the MQWs, we have used semipolar GaNð20 21Þ and polar GaN(0001) substrates prepared by hydride-vapor phase epitaxy with a dislocation density in the range of 1-5 Â 10 7 cm
À2
. For the growth of the semipolar LEDs, we have used instead high quality bulk GaN ð20 21Þ substrates obtained by the ammonothermal method with a dislocation density lower than 10 4 cm
. 11 All substrates were polished mechanically and chemo-mechanically in order to obtain smooth surfaces suitable for epitaxial growth. The average root mean square roughness (rms) measured by AFM on an area of 5 Â 5 lm was in the range of 0.1-0.2 nm for any type of substrate before the growth.
The substrates were mounted to two-inch GaN/sapphire wafers. The growth temperature for the MQWs and the active region of the LEDs was 660 C as determined from the desorption of In from the GaN(0001) substrate prior to growth. 12 The metal coverage during the growth was controlled in situ by laser reflectometry on the semipolar substrate. The In content in the MQW structures was determined by XRD. For the MQWs on polar GaN, the experimental x-2h scans across the (002) reflection were compared with simulations based on the dynamical theory of XRD. In the case of the semipolar MQWs, the (201) reflection was measured, and for the simulation the strain tensor equations for semipolar films given by Romanov et al. were utilized. 13 The PL spectra were acquired at room temperature and corrected subsequently for the system response. Electroluminescence (EL) spectra were recorded for currents up to 100 mA on nonprocessed wafers using In contacts for both the p-and n-type layers of the heterostructure. The optical power was measured by a power meter placed beneath the sample, collecting the light transmitted through the n-type layers and the substrate.
Under these growth conditions, we observed a very smooth surface morphology for the semipolar ð20 21Þ MQWs with a rms roughness as low as 0.24 nm measured on a 5 Â 5 lm 2 area by AFM as shown in Fig. 1 . The magnified inset [ Fig. 1(b) ] shows details of the morphology. Figure 2 presents the room temperature PL spectra of the MQWs. The inset shows the nominal structure that consists of three 3.1 nm-wide (In,Ga)N QWs and 7 nm-wide (In,Ga)N quantum barriers (QBs) with 20 nm (In,Ga)N layer on top of the structure. For both samples, the dominant peak is due to the (In,Ga)N QWs while transitions originating from the (In,Ga)N cap and thick buffer and the GaN substrate are visible at shorter wavelengths. For the semipolar MQWs, the (In,Ga)N emission occurs at 382 nm while the QW emission is observed at 481 nm for the polar structure on the c-plane substrate. The emission due to the QWs is similar in intensity for the two samples while the linewidth is significantly narrower for the semipolar MQWs as compared to the polar ones.
To elucidate these findings, we determinate the In content of the MQW structures by XRD xÀ2h scans (not shown here). The results of these experiments, namely, the In content and the QW and QB thicknesses, are summarized in Table I . For the semipolar MQW structure, the layers thickness was confirmed in addition by TEM to be 2.7 and 6.6 6 0.1 nm for QW and QB, respectively (not shown here).
The lower structure period and lower average In content found for the semipolar MQW structure are caused by lower In incorporation and, in result, a lower growth rate of the semipolar ð20 21Þ (In,Ga)N as compared to the polar (0001) case.
The lower In content of the semipolar MQW structure as compared to the polar one is reflected in a markedly shorter and narrower PL emission (cf., Fig. 2 ). Note that a fraction of this emission wavelength difference is caused by a reduced piezoelectric field due to both the lower In content and the smaller polarization for the semipolar MQW with respect to the polar one. We will quantify this effect in the last section comparing the polar and semipolar LED structures. The smaller In incorporation efficiency compared to (0001)-oriented (In,Ga)N layers was found systematically for all semipolar samples. This finding is in agreement with a report for PAMBE growth on the ð11 22Þ semipolar GaN surface, where a similar difference of In incorporation between the semipolar and the polar plane was found. 14 In contrast, for layers grown by MOVPE and reactive MBE, a similar or an even higher In content was reported for the semipolar layers in comparison to the corresponding polar ones. 9, 10 It is known that the growth mechanisms in PAMBE are different from those in MOVPE or reactive MBE, what has been described for the case of c-polar structures in Ref. 15 . The recently developed detailed microscopic growth model for the (0001)-oriented (In,Ga)N is presented in Ref. 16 .
The cause for the reduced In incorporation in semipolar (In,Ga)N in PAMBE is not yet fully understood. For the semipolar ð20 21Þ (In,Ga)N we expect a smaller energy for the decomposition as compared to the (0001)-oriented surface and a different step-edge bonding configuration that influences In atoms attachment kinetics. The reduced In incorporation efficiency on semipolar ð20 21Þ GaN surface in PAMBE will be the subject of our further studies.
Next, we focus on the investigation of LEDs 1 and 2. Figure 3(a) shows the layer sequence of LED-1. The scanning transmission electron micrograph displayed in Fig. 3(b) was taken along the ½11 20 axis and confirms this nominal layer sequence. Furthermore, it evidences a high structural perfection and sharp interfaces. The absence of dislocations, stacking faults, or other structural defects was corroborated by TEM images taken with a lower magnification (not shown here). This result demonstrates both the high quality of the ammonothermal substrate used and the successful growth by PAMBE under the chosen growth conditions. Figure 4 (a) shows the normalized EL spectra obtained at a current of 20 mA for both the semipolar and polar LEDs-1. The EL is observed at 387 and 462 nm, respectively, similar to the PL results obtained for the MQW structures. The EL measurement setup is schematically depicted in Fig. 4(b) . The room-temperature forward current-voltage characteristics of the LEDs-1 are presented in Fig. 4(c) together with the characteristics for the second semipolar LED-2, for which the structure is schematically presented in Fig. 5(a) . For both LEDs-1, the turn-on voltages are about 3 V while the series resistance of the semipolar LED-1 is markedly lower than for the polar LED-1. The optical output power obtained from the nonprocessed wafers at a current of 100 mA was 0.3 mW for the semipolar and 0.4 mW for the polar LED-1. The power efficiency, defined as the ratio of the optical output power and the electrical input power provided to the LED, 17 is essentially equal for both LEDs due to the lower series resistance for the semipolar LED-1. For LED-2, a higher optical output power of 0.46 mW was obtained at 100 mA. However, due to the simultaneous increase in the turn-on voltage, the power efficiency is actually lower than for the semipolar LED-1. The Mg concentration in the electron blocking layer (EBL) as obtained by secondary ion mass spectrometry (not shown here) is 2 and 6 Â 10 19 cm À3 for the semipolar and polar LEDs, respectively. Hence, we expect that the optimization of the doping profile would increase the output power further.
The L-I characteristics for the semipolar LED-2 is presented in Fig. 5(b) . At low currents, the output power varies quadratically with current, indicating the competition of radiative and nonradiative recombination. Between currents of 10-60 mA, the linear behavior of the optical output power with current indicates a good diode performance dominated by radiative recombination. At even higher currents, the effect of heating becomes visible leading to a sublinear increase of the output power with current.
Finally, in order to evaluate the magnitude of the influence of the (i) electric field, (ii) QW thickness, and (iii) In content on EL emission wavelength, we have modeled exemplary semipolar and polar LED structures, based on LED-1 layer sequence using SiLENSe package version 5.2 Laser Edition. First, we examined the influence of the electric fields related to the choice of surface orientation. We modeled two identical LED structures on two surface orientations. The active region of the modeled LEDs consisted of three 2.9-nm-thick In 0.218 Ga 0.779 N QWs and 7.0-nm-thick In 0.047 Ga 0.953 N QBs (detailed results not shown here). The EL peaks at 462 and 447 nm for polar and semipolar LED, respectively, at the same current density of 150 A/cm 2 . Note that for the simulation the In content in the QWs was chosen in the way to obtain the emission wavelength matching exactly the experimental value for c-polar structure. Second, we checked the influence of the QW thickness on EL wavelength, so we changed the QW thickness from 2.9 to 2.6 nm (0.3 nm is the experimental error for the QW thickness determination by XRD), and we obtained a blueshift of the EL by 3 and 6 nm for the semipolar and polar LED, respectively. Therefore we conclude that (i) for the same In content in the polar and semipolar LEDs we observe the EL peak blueshifted by about 15 nm for the latter, (ii) the possible differences in QW thickness could change the emission wavelength by another few nanometers. Thus, it is clear that the 75-nm-large difference in EL observed for the grown LEDs is caused mainly by the smaller In content in the semipolar structure.
Summarizing, (In,Ga)N/GaN MQW and LED structures were grown by PAMBE under metal-rich conditions on semipolar ð20 21Þ and polar (0001) GaN substrates. A significantly smaller In incorporation efficiency was found for the semipolar plane in comparison to the polar one that results in shorter PL and EL wavelength from the semipolar MQWs and LEDs. The semipolar MQWs are characterized by a high PL intensity and a smooth surface morphology with atomic steps. TEM revealed that the semipolar LED emitting at 387 nm possesses abrupt interfaces and a good structural quality, i.e., it contains no extended defects. The power efficiency of this LED was found to be virtually identical to that of its polar counterpart. Adding (Al,Ga)N cladding layers, we obtained an increased optical output power at the same current but also an increased turn-on voltage. We believe that the latter effect may be avoided by the optimization of the doping profile of the LED.
